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Abstract  
A direct laser metal deposition (DLMD) technology with co-axial powder injection is used to fabricate a complex 
functional graded structure (FGS) fabrication. The aim of the study is to demonstrate the possibility to produce 
intermetallic phases in the Ti-Al powder systems in the course of a single-step DMD process. Besides, relationships 
between the main laser cladding parameters and the intermetallic phase structures of the built-up objects have been 
studied. In our research we applied the optical microscopy, X-ray analysis, microhardness measurement and SEM 
with EDX analysis of the laser-fabricated intermetallics. The discussion of the mechanisms of TixAly (x,y = 1..3) 
intermetallic transformations in exothermal reactions is also offered in the report.  
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1. Introduction 
Gamma alloys of titanium aluminides in the Ti-Al system have been developed for high temperature 
applications in the automotive, aerospace and power generation industries [1]. The TiAl-based 
intermetallics have a number of advantages over the conventional titanium alloys, they are a higher 
elasticity modulus, lower density, better mechanical properties at high temperatures [2, 3]. In our studies 
[4, 5] the possibility of the laser induced reaction synthesis of TixAly intermetallides during the three 
dimensional (3D) laser sintering or cladding was asserted.  
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Functionally Graded Structures (FGS) and FG objects fabricated by applying complex and dissimilar 
materials ensure specific properties of the final product. The manufacturing of 3D FG- objects by the 
Direct Metal Deposition (DMD) is one of the most promising techniques capable of meeting various 
industrial challenges [5, 6]. This approach permits a new freedom in design and manufacturing, thus 
allowing, for example, to create an object with the desired shape, internal structure and engineering 
composition including the appropriate physic-mechanical properties within a single-step fabrication 
process.  
The objective of the present study is to demonstrate the possibility to control physical properties and 
cracks formation of the FGS in the T-Al system via the DMD technology.  
2. Materials and experimental procedure 
2.1. Materials 
The following powders were used in the experiments: a titanium powder was TiGd2 grade 99.76 wt% 
Ti; and aluminium was grade 99 wt% Al, both powders are produced by the TLS Technik GmbH&Co. 
The powder particles were mainly spherical with the size of ~ 80-100 μm for 95% of them. The substrates 
were round plates with the 65mm diameter and 5 mm height made of Ti-6Al-4V. The powder size 
distribution was studied by means of a granulomorphometer ALPAGA 500NANO (OCCHIO s.a.).  
2.2. Experimental setup 
All the experiments were carried out using a HAAS 2006D (Nd:YAG, 2000 W, cw) with the laser 
beam delivery system, powder feeding system, coaxial nozzle, and numerically controlled 5-axes table. 
Some features of the equipment are reported below:  
 Powder feeder: 2-channel MEDICOAT, the powder feeding rate can be adjusted separately for each 
channel. Argon and nitrogen are applied as the carrying gases.  
 Coaxial nozzle (Fig. 1): the advantage of the coaxial injection consists in a small heat affected zone 
(HAZ) and possibility of multidirectional cladding due to the radial symmetry between the laser beam 
and powder flux. The shielding gases (Ar, N2) are surrounding, focusing and protecting the powder 
flow and the melting pool from oxidation or, vice versa, causing the nitridation initiation [5]. 
 CNC center LASMA 1054 is applied for the displacement of the sample and nozzle relative to each 
other with the positioning accuracy up to 1 μm.  
 
 
Fig. 1. General scheme of the 3D FGS sample build-up 
process applying the coaxial nozzle. The arrow 
shows the direction of the substrate movement 
Fig. 2. Schematic view of the multi component graded 
structure fabrication by the DMD 
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2.3. Scheme of functional graded fabrication  
The method of FGS fabrication used in the present study is schematically presented in Fig. 2. The 
hatching distance was 2 mm, the layer depth was ~ 1 mm, and the powder feeding rate was ~ 10 g/min. 
The layers were made out of Ti and Al powders on a substrate by the following strategy: the first layer 
was of pure titanium, the second one consisted of 90% Ti + 10% Al, the third layer - of 80% Ti + 20% Al, 
and so on up to the top layer with 10% of Ti + 90% of Al. In the first case (strategy A) argon was the 
carrying gas. In the second case (strategy B) it was nitrogen. In the second case, the influence of an 
exothermal reaction of the nitridation on the common intermetallic synthesis process was examined. The 
laser scanning speed was 500 mm/min, laser power varied within range of 400-800 W, and laser beam 
diameter was 2 mm. The first channel feeder with the Ti powder had the gas flow rate of approximately 
20 l/min while the second channel feeder with the Al powder ~ 10 l/min.  
2.4. Microstructure characterization 
For the prepared micro sections it was necessary to select the etching agents, ensuring maximally 
reveal the basic structural phases. For aluminium titanates synthesized in the argon environment, the 
aqueous solution of hydrofluoric and nitric acids taken in the equal portions proved to be convenient, 
while for the TixAly phases, synthesized in the nitrogen – these were hydrofluoric and sulfuric acids. 
After the etching, cross sections of the multi-layered cladding samples were subjected to metallurgical 
analysis with the optical microscopes (Carl Zeiss, Axioscope A1 and Neophot 30M) digital cameras and 
microhardness (HV) tester FM (Wirtz-Buehler) and PMT-3M (RF). The phase composition of the 
synthesized structures was determined with the x-ray diffraction (XRD) using a DRON-3 diffractometer 
in the Cu-K  radiation. The morphology of the FGS layers after the DMD was studied with a LEO 1450 
scanning electron microscope (Carl Zeiss Company) equipped with an energy-dispersive x-ray analyzer 
(INCA Energy 300, Oxford Instruments).  
3. Results and Discussion 
3.1. 3D laser cladability in TI-Al system  
In accordance with the phase diagram (Fig. 3) we expected obtaining of the following stable 
intermetallide phases of aluminium titanates - TiAl3, TiAl, Ti3Al in the exothermic reaction of the type: 
x*Ti + y*Al  TixAly + Q, where Q – is the thermal reaction effect. This system is widely used in the 
self-propagated high-temperature synthesis (SHS) technology, and its fundamental thermophysical 
characteristics (Ti – an ignition temperature, E - the energy activation of chemical reaction, Qi - the 
thermal effects of exothermic reactions on one mole) and synthesized phases are known (table 1).  
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Fig. 3.   Ti-Al diagram Fig. 4.  Sample fabricated by the DMD process: a) in argon; b) in 
nitrogen 
 
In the papers [4, 8] the sequence of the phase formation for this system under the temperature increase 
due to laser influence (LI) (by thermocouple measurements) was studied and the activation energies of the 
TixAly phase synthesis were calculated (see Table 1). It was shown that on reaching temperature 
645±10 0 the combustion reaction and the TixAly (where x, y = 1..3) phase synthesis occur by the 
interface boundaries of the liquid melt (Al) – and solid state (Ti).  
Table.1 Thermo physical properties of the ignition reaction in the Ti-Al system [4, 8] 
Initial powder 
mixture 
Ti, 0C , Thermocouple / simulation  E, kJ/mol Q, 
J/kg 
X-ray comments 
Beginning  Completion 
Al:Ti = 1:3 645±10 / -- 1150±50 / 1244 
(adiabatic) 
18.0±1 -- Ti main, Al small, Ti3Al, TiAl, 
TiAl3 minor 
Al:Ti = 1:1 645±10 / -- 1400±50 / 1245 
(adiabatic) 
19.5±1 -- Ti3Al main, TiAl, TiAl3 small 
Al:Ti = 3:1 645±10 / -- 1200±50 / 1271 
(adiabatic) 
22.5±1 -- Al main, Ti, TiAl3 –small 
 
Fig. 4 shows the results of the layer-by layer 3D synthesis. Though we have not succeeded in 
controlling synthesis process in nitrogen (the traces of an active combustion are visible in Fig. 4b along 
entire the surface), but in argon environment the situation was more controllable. However, as showed by 
the pointers in Fig. 4a, in the places of the LI initiation and at the bends from one passage to another the 
speed of the laser beam displacement slowed down, thus resulting in the loss of control.  
3.2. Optical metallography and microhardness examination 
The results of the optical metallography are presented in Figs. 5 and 6. Series of photo are selected so 
that to show the characteristic microstructures based on the lower, middle and upper parts of the 3D laser 
cladded FG volume, i.e. there where the proportions of the powdered Ti + Al  3:1; 1:1 and 1:3 by weight 
ratios were comprised.  
In the lower layers in the photo (Figs. 5a and 6a) a predominantly lamellar microstructure typical of 
the single-phase titanium alloys with changing morphology is observed. In the average layers mainly a 
coarse-grained structure occurs of the “basket netting” type. In the individual sections of near-surface 
layers a fine grain is present with the martensite morphology of the - titanium phase. The pointer in Fig. 
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5a shows a non-remelted particle of the initial titanium, and in Fig. 6a – the redundant porosity. The 
existing structural heterogeneity is obviously connected with the nonuniform alloying, the exothermal 
reactions of the intermetallic synthesis and high-speed laser cooling during the crystallization from the 
melt. In the lower and middle layers, subjected to a linger laser heating after solidification, the 
recrystallization features  - Ti phase are observed. These plates were etched less clearly, so against 
their background the dispersed precipitations of the second phase ( 2- Ti3Al phase) appeared (Figs. 5b 
and 6b).  
 
 
Fig. 5.  OM micrographs showing the typical microstructures of 3D laser clad coating of the Ti-Al multilayer system in Ar: a) 
bottom layers ~250-300 μm from the substrate; b) middle layers ~900-1000 μm from the substrate; c) top layers ~1700-
1800 μm from the substrate 
These intermetallic phases, being more durable, cause the crack development at the grain boundaries 
(see Fig. 5b and 6b). Finally after the laser cladding, the upper layers are characterized by the coarse 
elongated grains of a dendrite type.  
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Fig. 6.  OM micrographs showing the typical microstructures of the 3D laser clad coating of the Ti-Al multilayer system in N2: a) 
bottom layers near the substrate; b) middle layers; c) top layers 
The measured microhardness (Fig. 7) of the cladded layers grows from the substrate to the top 
irregularly. We believe this to be connected with a local hardness increase in the intermetallic phase 
locations. As a whole the microhardness values correspond to similar measurements on the titanium 
aluminides after the DMD and LENS processes [2]. In contrast to [9] we no observed significant 
strengthening due to the formation of nitrides. 
 
a) b) 
Fig. 7.  Microhardness distributions of Ti-Al FG multilayer system in: (a) argon; (b) nitrogen 
3.3. Phase-structural X-ray and SEM with EDX analysis 
The X-ray analysis results are presented in Fig. 8. The lower curves in Fig. 8a,b correspond to the 
diffractogram of the initial powder Ti + Al = 1:1 mixture without any treatment. As it is seen from the 
lower curve, the most intensive lines belong to (111) -Al and (101)  - Ti, still a weak (101) line of - 
200
300
400
500
600
700
800
900
0 0.5 1 1.5 2
Distance from substrate, mm
HV0,1
200
300
400
500
600
700
800
900
0 0.5 1 1.5
Distance from substrate, mm
HV0,1
388   Shishkovsky I. et al. /  Physics Procedia  39 ( 2012 )  382 – 391 
 
Ti phase is also visible. These intensive lines of the initial phases completely disappear after the 3D laser 
cladding. However, ) there remains a sufficiently number of the weaker lines against the large angles of 
- Ti (110), (112) and probably, of aluminum (220), (222). The presence of these lines attests the fact that 
after the DMD process the Ti and Al initial phases have not reacted completely even in the case of the 
non-controllable combustion in nitrogen (Fig. 4b and 7b). After the DMD the strongest lines are located 
at the angles of 2  ~ of 43-45 degrees, that in our opinion can correspond to the an entire set of 
intermetallic phases. This is mainly a metastable phase (002), (020) of Al2Ti and eutectic tetragonal (200) 
phase of - AlTi (see phase diagram in Fig. 3). A similar picture was observed in researches reported in 
[2]. Furthermore, at the large angles we identified the lines (204), (107) of a tetragonal Al3Ti phase. 
However, since their intensities are not great, the presence of this of phase is doubtful. The element 
analysis data (Fig. 9 and 10) confirm this suggestion. The presence of the nitrogen associations (200) - 
Ti3AlN, (200)!? - Ti3AlC should also be mentioned. These are probably the intermetallic phases enriched 
with nitrogen and carbon. We assumed their presence in the Ti- Al system after the DMD process in 
nitrogen environment, while it was amazing to discover the occurrence of a strong peak near the angle of 
2  ~ 50 degrees in the protective Ar medium. We consider them as nitride phases with lines (200) of the 
- phase TiN and (211) Ti2N.  
On taking into account all the peaks mentioned above, it’s reasonable to conclude that this XRD 
pattern (Fig. 8) best of all coincides with the set of lines for the TiAl intermetallide. It means that out of 
all the assumed stoichiometric (3: 1, 1:1, 1: 3) mixtures, the combustion reaction of the TixAly 
intermetallic synthesis was going by the following direction: Al + 3Ti  AlTi + 2Ti. This explains both 
the presence of a large number of residual non-reacted Ti powder and a very law quantity of a pure 
aluminium.  
a) b) 
Fig. 8.  X-ray diffraction patterns of Ti-Al DMD multilayer system in: (a) argon; (b) nitrogen; Lower curve is diffractogram of the 
initial Ti + Al = 1:1 powdered mixture without laser treatment 
The SEM images of the micro and sub- structures are shown in Fig. 9 and 10, just as in Fig. 5-6 from 
the lower, middle and upper parts of the cladded layers.  
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Fig. 9.  SEM micrographs showing typical solidification microstructures of clad coatings with the laser scanning speed of 0.83 
cm/s and 400 W with EDS result (S1 and S2 regions) of Ti-Al multilayer system in Ar: (a) bottom layers near the substrate; 
(b) top layers 
On the whole their images corresponded to the optical metallography data given above. However, the 
results of element analysis are the most interesting. They show that despite the fact that the FGS scheme 
assumed introduction of up to 50% of Al in the middle layers and more than 80%Al in the upper layers, 
and this aluminum was practically not fixed. It is possible to suggest that temperature was enough to 
evaporate aluminum that is why we observe it now on the microphotograph (Fig. 5) in the form of a 
whitish coating.  
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Fig. 10.  SEM micrographs showing typical solidification microstructures of clad coatings with the laser scanning speed of 0.83 
cm/s and 400 W with EDX result (S1, S2, S3 regions) of Ti-Al multilayer system in nitrogen: (a) bottom layers near 
substrate; (b) middle layers; (c) top layers 
Since the solid but brittle AlTi, AlTi3 intermetallic phases identified by us, are the second phase 
inclusions for the titanium matrix of cladded layers, hence simultaneously with the strengthening f the 
titanium matrix, they cause its cracking. This was observed by us visually. We agree with suggestion 
made in paper [2] that crack-free deposition can be achieved by preheating the substrate to 450~500°C 
during DMD processing. 
4. Conclusion  
The ability of the DMD technology to create functional gradient and to build TixAly (x,y = 1..3) 
intermetallic structures has been studied. The total loss of the laser control under the intermetallide 
reaction synthesis in nitrogen was shown. And no significant strengthening due to the formation of 
nitrides also it was not observed. It is shown that the DMD process implementation in argon has the 
tendency to form the heterogeneous - phase of TiAl. Variation of microhardness from 130 HV to 800 
HV was obtained within the same sample the due to the change of the element relationship in the Al- Ti 
system with 3D laser cladding. The sizes and boundaries of the transition zones between the powder 
compositions with the different compositions and corresponding TixAly intermetallic phases depends on 
the LI parameters but this dependence was not clearly examined by us. The possibility of controlling the 
hardness of the multi-layer structure by changing powder composition and using the appropriate CAD 
modeling can expand the range of the 3D FGM application in aerospace or nuclear industries.  
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